Cadherins constitute a large family of cell-cell adhesion proteins that are represented in both vertebrates and invertebrates 1,2 . The 'classical' type I and type II cadherins are found only in vertebrates and contain an extracellular region consisting of a tandem repeat of five extracellular cadherin immunoglobulin-like domains (EC1-EC5) that extend from the cell surface (Fig. 1a) . Cadherin ectodomains bind between cells through the interaction of their EC1 domains, which exchange, or swap, their N-terminal β-strands (the A* strands). Conserved anchor residues-Trp2 in type I cadherins or Trp2 and Trp4 in type II cadherins-dock into a complementary pocket in the partner molecule [3] [4] [5] [6] . The A* strand, which comprises residues 1-3, represents the N-terminal segment of a strand that in type I cadherins spans residues 1-10 and includes a break at residues 4-6 due to the presence of prolines at positions 5 and 6, which provides a hinge that mediates conformational changes necessary for strand swapping (Fig. 1) . Following our previous analysis, we denote residues 7-10 as the A strand and residues 1-10 as the A*/A strand (Fig. 1b) 7 .
biological importance. Cadherin binding affinities are determined in part by the fact that formation of the EC1-EC1 interface involves β-strand swapping. An inherent feature of strand swapping or, more generally, of the domain-swapping phenomenon, is that 'closed' monomeric conformations act as competitive inhibitors of dimer formation, thus lowering affinities even when the dimer interface has the characteristics of high-affinity complexes, for example, large interfacial buried surface areas 13 .
Two issues are addressed in this work. First, we consider how cadherins are designed to achieve strand swapping. Second, we show that both E-and N-cadherin and type II cadherins have undergone negative design so as to avoid the formation of a tight dimer interface that ablates functionally important differences in binding affinity. Our findings allow us to elucidate basic mechanisms of cadherin design and provide novel insights as to the possible evolutionary mechanisms that may underlie the structure and function of this important protein family. In this regard, we also consider the properties of T-cadherin, whose EC domains are very similar to those of classical cadherins but which form a dimer, the X dimer, mediated by an interface that does not involve strand swapping 14 .
We address questions of cadherin design through an integrated computational and experimental approach. Molecular dynamics (MD) simulations and earlier structural bioinformatics analysis 7 are first used to provide a hypothesis as to the basic mechanism used by cadherins to achieve strand swapping: specifically, that strain in the short A*/A strand in the closed-monomer conformation, resulting from anchorage at one end by the conserved Trp2 and at the other by a Ca 2+ -Glu11 ion pair, provides a driving force for strand expulsion a r t i c l e s and swapping. To test this hypothesis, we carried out binding-affinity measurements on mutant proteins from mouse designed to either relieve or increase strain in the monomer. Measurements using analytical ultracentrifugation (AUC) yielded results in good agreement with our predictions. Using the molecular principles uncovered in these experiments, we were able to design mutations that conferred the adhesive strand-swap dimerization properties of EC1 domains on a naturally monomeric nonswapping EC2 domain.
A second discovery that emerged from this work resulted from experiments aimed at determining the role of the proline-proline motif conserved in type I cadherin N termini at positions 5 and 6. We found that mutating Pro5, Pro6 or both into alanine increased the dimerization affinity of E-cadherin by almost two orders of magnitude. Moreover, these mutations abolished affinity differences between E-and N-cadherin. To identify the source of this effect, we determined the crystal structure of the E-cadherin EC1-EC2 P5A P6A mutant, which revealed a new type of strand-swapped cadherin interface. It appears then that the proline-proline motif in type I cadherins functions to prevent the formation of this mutant β-interface that, if formed, would remove cell-cell adhesion specificity.
The results presented here provide a clear picture of the molecular design principles used by classic cadherins to achieve cell-cell adhesive specificity. Strand swapping provides a basis for dimerizing with high specificity and low affinity 13 , but to achieve this property evolutionary forces have had to design against a potentially competing high-affinity dimer conformation. The driving force for swapping involves generating strain in the monomer through a novel mechanism involving an elongated N-terminal β-strand that is fixed at both ends by evolutionarily conserved anchor points.
REsulTs
Ca 2+ binding promotes swapping of the A*/A strand MD simulations were carried out on the closed monomer of E-cadherin, of the closely related N-cadherin and on the monomer of T-cadherin, which forms an X dimer but does not swap strands 14 . Crystal structures are available for E-and T-cadherin monomers, whereas the MD simulations for N-cadherin were carried out on a homology model (see Supplementary Methods). We reasoned that differences between T-cadherin and the classical E-and N-cadherins might illuminate features unique to the A*/A strand-swapping reaction. With the exception of the A*/A strand, the results obtained for all three molecules are quite similar: Ca 2+ ions have little effect on the mobility of most of the β-strands, and the loops containing Ca 2+ -coordinating residues show an increased mobility in the absence of Ca 2+ (Fig. 2a,b and Supplementary Fig. 2) . However, the A*/A strands of E-and T-cadherin are affected differently by the presence of Ca 2+ . As can be clearly seen in Figure 2c , there is almost no effect of Ca 2+ on the mobility of the A*/A strand in T-cadherin, except for a slight reduction of the r.m.s. fluctuations close to the Ca 2+ -binding residue Glu11. In contrast, the A*/A strand of E-cadherin shows a marked increase in mobility when Ca 2+ ions are bound. The simulations on N-cadherin do not reveal substantial Ca 2+ effects on A*/A strand mobility (Supplementary Fig. 1) . The difference between N-and E-cadherin may be due to the use of a homology model for N-cadherin or to the length of the simulations, which may be too short to see large conformational changes, but it is also possible that still undetermined factors are responsible for the strand-swapping properties of N-cadherin. Here we focus on E-cadherin, for which the key result of the simulations is that the binding of Ca 2+ ions increases fluctuations in the region that swaps, behavior that is not observed for any other strand in any of the structures that were studied.
To determine the effect of Ca 2+ coordination on the strand-swapped dimer of E-cadherin, we performed similar MD simulations starting from the dimeric EC1-EC2 structure (PDB ID 2QVF 15 ). In contrast to the closed monomer, the mobility of the A*/A strand in the strandswapped dimer remains largely unaffected by Ca 2+ binding (Fig. 2c,d) . Our results thus indicate that Ca 2+ binding has a differential effect on the mobility of the closed monomer and swapped dimer that are likely to reflect a role in the energetics of dimerization. This conclusion is also consistent with the findings of Sotomayor and Schulten 16 , who carried out simulations on a monomeric but opened conformation a r t i c l e s of the C-cadherin ectodomain and found that in the presence of Ca 2+ Trp2 remained mostly exposed to solvent, whereas in the Ca 2+ -free system Trp2 fluctuated between an exposed and partially buried conformation. Taken together, both sets of simulations suggest that Ca 2+ binding leads to the destabilization of the A*/A strand in the closed monomer. In the next section we propose a hypothesis that explains the computational results and then use it as a basis for the design of mutants aimed at testing its validity.
Origins of conformational strain in the monomer A*/A strand In previous work we have shown that the short A*/A strand in EC1 domains and the presence of a tryptophan residue at position 2 are associated with strand swapping 7 . Our current simulations also reveal that, in E-cadherin, backbone atoms near Trp2 and Glu11 are quite immobile, whereas backbone atoms linking these two sites show a Ca 2+ -dependent increase in mobility (Fig. 2c,d and Supplementary  Fig. 1 ). These observations lead us to the hypothesis that, in the closed monomer, the docking of the side chain of Trp2 and the ligation of Ca 2+ by Glu11 anchor the A*/A strand at its N-and C-termini, and that as a result of the relatively small number of intervening residues, fixing the strand at these two anchor points destabilizes the closed monomer. We suggest that the fluctuations seen in the simulations reflect Ca 2+ -dependent destabilization of the monomer and are an early indicator of conformational changes that take place on a longer time scale 17 .
Our hypothesis about conformational strain in the monomer is supported by a structural analysis of the A*/A strand. Specifically, in simulations of the closed E-cadherin monomer, Ca 2+ depletion results in a substantial shortening of the distance between the N-and C-termini of the strand, with the distance between Trp2 Cα and Glu11 Cα (Dist 2-11 ) reduced from an average of 26.5 Å in the presence of Ca 2+ to 23.9 Å in its absence of Ca 2+ (Fig. 3) . In contrast, in the swapped dimer, Dist 2-11 = 27.7 Å, both in the presence and in the absence of Ca 2+ (Supplementary Fig. 3b ). These results suggest that in the closed monomer, the presence of Ca 2+ elongates the strand beyond its preferred length in the apo state, an effect not seen in the dimer. It seems reasonable to posit that the A*/A strand is better able to bridge the two anchor points in the strand-swapped dimer, where intermolecular degrees of freedom at the interface might permit a relaxation of conformational strain that is not possible in the closed monomer. In this regard, no appreciable change in the length of the A*/A strand is observed upon Ca 2+ removal in the simulation of the nonswapping T-cadherin (27.5 Å and 27.4 Å for Dist [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] in the presence and absence of Ca 2+ , respectively) ( Fig. 3b) .
Our model implies that both anchor points are required simultaneously to induce strain in the A*/A strand, which would otherwise be able to assume a more relaxed conformation. To further computationally test this hypothesis, we carried out simulations on the closed conformation of the E-cadherin W2F mutant. Note that a r t i c l e s in the apo state the A*/A strand in the W2F mutant undergoes larger fluctuations than wild type ( Supplementary Fig. 4 ), but in the Ca 2+ -bound state the fluctuations are of comparable magnitude. Figure 4 plots the difference in r.m.s. fluctuations between the Ca 2+ -bound state and apo state of both the wild type and the W2F mutant. It is clear from the figure that Ca 2+ binding has only limited effect on the mobility of the A*/A strand in the mutant. These results suggest a coupling in the wild-type protein between the N-and C-termini, which are located more than 25 Å apart. This coupling is absent in the W2F mutant; this we interpret as a reduction in constraints due to the loss of a hydrogen bond between the NH group of Trp2 side chain and the carboxyl group of Asp90 and to the smaller Phe2 side chain, which poses fewer conformational constraints than the indole ring of Trp2 ( Supplementary Figs. 4 and 5). The simulations also show that the W2F mutant Dist 2-11 ≈ 25.5, in both the Ca 2+ -bound and Ca 2+ -free states, so that the Ca 2+ -induced elongation of the mutant A*/A strand has disappeared (Supplementary Fig. 3a) .
To summarize, our simulations suggest the presence of conformational strain in the Ca 2+ -bound closed monomer of E-cadherin that is due to anchoring of the short A*/A strand at both ends. The evidence is based on (i) enhanced fluctuations in the A*/A strand that we interpret as early evidence of conformational change, (ii) reduced fluctuations when either of the two anchor points is removed (mutating tryptophan to phenylalanine or removing Ca 2+ ) and (iii) the pronounced shortening of the strand in the Ca 2+ -bound state of the monomer that is not seen in the dimer, in T-cadherin or in the W2F mutant of E-cadherin. These observations do not by themselves point to a single underlying source of the strain, which may well be due to subtle effects involving interatomic interactions or conformational entropy whose identification is beyond the resolution of the simulations. However, what emerges clearly from the simulations on E-cadherin is that the presence of two anchor points induces strain in the closed-monomer conformation and a corresponding elongation of the strand that would otherwise prefer to have a shorter distance between the two termini. The mechanism we have proposed here is consistent with the simulation data, and its basic premises can be tested experimentally. Specifically, if it is correct, mutations designed to release the strain in the monomer should lower the binding affinity for dimerization, whereas mutations that increase strain should have the opposite effect. These expectations provide the rationale for the experiments described in the following sections. Table 1 reports dissociation constants (K d ) for two-domain constructs (EC1-EC2) of wild-type and mutant E-cadherins determined by AUC. The K d for wild-type E-cadherin is 96.5 ± 10.6 µM, and the effect of the various mutations can be assessed relative to this value. Our simulations suggest that the W2F mutant should decrease strain in the monomer and as expected, its K d is significantly increased relative to wild type, to 246.5 ± 2.1 µM (P < 0.0001; see Online Methods). Moreover, our model suggests that increasing the length of the A* strand should increase the K d , and indeed, mutants that have one or two alanines inserted between residues 2 and 3 in the A* strand increase the K d relative to wild-type (P < 0.0001), to 1,517 ± 726.2 µM and 195 ± 8.6 µM, respectively. We speculate that the insertion of one alanine results in a higher K d than the insertion of two alanines, because adding a single residue to the N-terminal β-strand is likely to result in a radical change in the orientation of Trp2, whereas a tworesidue insertion retains the register of the strand.
strain-modulating mutations affect binding affinities as predicted
Another possible interpretation of our results is that the various mutants we have generated form an X dimer 15 , so that the various binding affinities are not those of the strand-swapped adhesive interface. 
a r t i c l e s
The X dimer involves an interface located in the EC1-EC2 linker region and is seen when strand swapping is precluded, for example in the W2A mutant. However, the K d for the X dimer is about 800-900 µM, and, with one exception, all of the mutants we report dimerize with significantly lower K d values and thus do not form this interface. The only mutant whose binding affinity is compatible with that of an X dimer is E-cadherin with two alanines inserted between residues 2 and 3 (K d = 1,517 µM). If this mutant forms an X dimer, this would not affect the evidence that the insertion significantly lowers affinities, because dimerization through its strand-swapped interface would have to involve an even lower affinity than that of the X dimer.
To design a mutant with increased strain, we reasoned that shortening the Glu11 side chain while preserving the Ca 2+ -binding site would pull the A*/A strand in the direction of the bound Ca 2+ ion, thus increasing the distance between the two anchor points. This effect was achieved by replacing Glu11 with aspartate (the E11D mutant). Despite the conservative nature of the mutation, a slight but significant decrease in K d is observed (P = 0.0013; Table 1 ).
Inducing strand swapping in a nonswapping EC2 domain EC2 domains differ from EC1 domains in that they have a phenylalanine instead of a tryptophan at position 2 and they have two additional residues in their A strands 7 . The expectation based on simulation results is that these two factors reduce strain in the A/A* strand and thus inhibit swapping. Indeed, isolated EC2 domains are monomeric in solution 18 . We produced mutant EC2-EC3 domain constructs that contained one or two of the swapping determinants. This was accomplished with mutants in which Phe108 (equivalent to Trp2 in EC1 domains) was replaced with a tryptophan, where the A*/A strand was shortened by three residues, or both. Specifically, Thr109, Gln110 and Glu111 (hereafter referred to as TQE 109-111 ), which form a bulge in the A* strand (Fig. 5) , were deleted. The relevant K d values are reported in Table 1 . Consistent with the results for a single EC2 domain construct 18 , wild-type EC2-EC3 does not dimerize in solution (Table 1) . Similarly, both the F108W and the ∆TQE 109-111 mutants are also monomeric. However, the combined F108W, ∆TQE 109-111 mutant is dimeric in solution with a K d of 46.5 µM, which is lower than that of the wild-type EC1-EC2 construct.
To confirm that the EC2-EC3 double mutant dimerizes via strand swapping, two additional mutants were designed with the goal of filling the Trp2 binding pocket, thus abrogating strand swapping. To this end, the pocket-lining residues Ala193 and Ala205 were separately mutated to isoleucine (Fig. 5c) . Equivalent mutations in the EC1 domain (A78M and A80M) were shown to abrogate binding through strand swapping 19 . As shown in Table 1 , the A193I and A205I mutants are monomeric.
Pro5 and Pro6 mutants form a new nonspecific interface
To test the role of the proline-proline motif in the hinge region, we measured the K d values of several E-cadherin EC1-EC2 constructs for which Pro5, Pro6 or both were mutated. Contrary to expectations, mutating Pro5 or Pro6, or both, significantly increased binding affinity in E-cadherin (Table 1) . Furthermore, the binding affinity of the mutants does not depend on the identity of the new side chain or on whether one or both prolines are mutated ( Table 1) .
The explanation for this intriguing finding is evident from the 1.8-Å crystal structure we determined for the EC1-EC2 construct of the E-cadherin P5A P6A mutant ( Table 2) . Strand swapping occurs; however, the dimer interface is quite different from that observed in the wild-type protein: the break at positions 4-6 in the A*/A strand has disappeared, and the backbone of mutated residues Ala5 and Ala6 now engages in hydrogen bonds with the adjacent B strand of the dimer mate molecule (Fig. 6) . In this way the A*/A strand becomes continuous from residue 1 to residue 11 (Fig. 6c-f and Supplementary Fig. 6 ). In the wild-type proteins, Pro5 and Pro6 prevent the formation of this long 'β-strand interface' , because their backbone nitrogen cannot function as a hydrogen bond donor.
The high affinity of the newly identified mutant β-strand interface is related to its increased surface area relative to the wild-type protein. The total surface buried in this interface (2,238.8 and 1,953.9 Å 2 for the two crystal forms) is substantially larger than in the wild type (1,834.1 Å 2 in 2QVF.pdb 15 ) and includes a larger hydrophobic surface (1,201.0 and 1,100.5 Å 2 as compared to 1,008.5 Å 2 in wild-type E-cadherin). Because most of the additional hydrophobic contacts involve residues that do not swap (at the bottom of the EC1 domain, Supplementary Fig. 7) , their effect is not reduced by the disruption of equivalent contacts in the monomer 13 .
To determine whether the mutant β-strand interface was formed by other type I cadherins, we produced the P5A P6A double mutant of the N-cadherin EC1-EC2 domain and measured its K d by AUC. Similar to what was observed in E-cadherin, the mutation resulted in a significantly increased binding affinity for N-cadherin. Notably, despite the significant difference in K d between the wild-type proteins, the K d values of the double mutant of E-and N-cadherin are essentially identical. Thus, the consequence of tighter binding has been a loss of affinity differences between these two cadherins.
This effect is seen dramatically in type II cadherins, which, despite the absence of a proline-proline motif in their A*/A strand (Fig. 6h) , do not form an extended intermolecular β-sheet at their swapped interface 5 . Crystal structures of type II swapped dimers reveal a r t i c l e s why: in all available structures, the A and B strands from opposite protomers, which form the long intermolecular β-sheet in the type I E-cadherin P5A P6A mutant, are kept apart by the presence of bulky side chains 5 , particularly the highly conserved Phe8 (Fig. 6g) . To test this structural inference, we measured the K d values for wild-type and F8A EC1-EC2 constructs of the type II cadherin-11 ( Table 1) . Phe8 is located in the middle of the large hydrophobic cluster below the swapped interface, in a region that engages in binding but does not swap 5 . Because the F8A mutant should reduce the buried hydrophobic area of the dimer, a possible effect would be a reduction in binding affinity. Notably, we observe the opposite: cadherin-11 F8A mutant binds significantly more tightly than wild-type protein (Table 1) , suggesting that cadherin-11 F8A forms a β-strand interface similar to the one observed in E-cadherin P5A P6A mutants. That the binding affinities are the same ( Table 1 ) strongly supports this hypothesis.
DIsCussION
It has been well established through structural [3] [4] [5] , biophysical 20, 21 , in vitro 22 and in vivo 5, 9, 19 mutagenesis studies that the adhesive dimerization interface formed between cadherins involves the swapping of N-terminal β-strands between their EC1 domains. We have described how strand swapping permits the formation of large and specific interprotein interfaces that have relatively low binding affinities 13 . At the cellular level we have shown that the small differences in these affinities can result in highly specific cell-cell interactions 12, 13 . Thus, the fine tuning of cadherin dimerization energetics, which is achieved through β-strand swapping, is an essential feature of cellsorting behavior. In this study we discuss the structural and energetic principles underlying the swapping process. Because strand swapping implies by definition the replacement of one set of interactions in two monomers with an equivalent set in a dimer, there must be some additional factor that overcomes the entropy loss associated with dimerization and allows swapping to occur. In a previous study, we took a bioinformatics approach to identifying sequence and structural determinants of the swapping process and found that the conserved tryptophan at position 2 and a shortened A*/A strand were unique features of EC1 domains that were most likely to be important determinants of strand-swap binding 7 . However, the physical mechanisms underlying these observations were unclear. One fundamental question concerns the role of the conserved Trp2, which is generally assumed to act critically in dimerization by anchoring the swapped strand into a hydrophobic pocket on the partner molecule. In energetic terms, however, this explains very little, because the same hydrophobic interactions should be present in the monomer as well, so that there is no a priori reason to suggest that it prefers either monomer or dimer. Moreover, for the same reason, it has not been clear why any change (such as the W2F mutation) would affect binding affinities.
The role of Ca 2+ ions in the swapping process has also been unclear in origin. It is known that Ca 2+ ions that are bound in interdomain linker regions are essential for cadherin-mediated cell adhesion, but this has been attributed primarily to the rigidification of the entire ectodomain. Cadherin rigidification by Ca 2+ appears to be necessary to facilitate the preference for trans dimerization (cell-to-cell) over cis dimerization (between cadherins from the same cell) [23] [24] [25] [26] [27] . However, it has become clear that bound Ca 2+ ions also have a direct role in the swapping process 16, 28, 29 .
Our results suggest that these various observations can be explained in the context of a single mechanism characterized by four molecular features of critical functional importance. First, the swapped strand requires an anchor residue(s) near the N terminus-Trp2 in type I cadherins and Trp2 and Trp4 in type II cadherins. Second, the swapping A*/A strand is anchored at the C-terminal end through bidentate ligation of the conserved Glu11 side chain to two of the three Ca 2+ ions in the linker between the EC1 and EC2 domains. Third, conformational a r t i c l e s strain is produced in the shortened A*/A strand by this dual ligation mediated by tryptophan anchor residue(s) at the N-terminal and Ca 2+ ligation at the C-terminal end of the swapping A*/A strand. This strain, which arises only in the context of the monomer, provides the driving force that favors strand-swap dimerization over the nearly structurally identical monomer. Fourth, the proline-proline motif in the A*/A strand of type I cadherins, and the Phe8 side chain of type II cadherins, serve to ensure that the swapping strands of a cadherin pair cannot form a cross-dimer continuous hydrogen-bonded β-sheet, which our results show to yield unnaturally tight cadherin dimer complexes that lack binding specificity. This latter observation was surprising in that, based on precedent from other systems [30] [31] [32] [33] [34] and consistent with a recent suggestion 4 , it was expected that the prolines would introduce strain in the monomer so that strand swapping to the dimer form would be enhanced. Each aspect of our model has been confirmed through binding-affinity measurements using site-directed mutants that also show how the various factors are tightly coupled. The term 'conformational strain' as used here is necessarily ambiguous, because it does not define specific interactions that cause the strain. Strain can be distributed over many degrees of freedom, and attempts to partition energies into individual contributions are unlikely to be meaningful. What can be said with certainty is that our simulations on E-cadherin indicate that the A*/A strand is unusually mobile when Ca 2+ is bound in the closed monomer and that this is associated with fixed anchor points at both ends and with an elongation of the strand. The simulation results then suggest that the presence of both anchors combined with a short strand destabilize the monomer. The success of this model in explaining the mutagenesis data, and in suggesting the design of an EC2-EC3 construct that swaps, supports its validity, but of course there may be other swapping determinants still to be discovered. One possibility that in principle might drive swapping is that the interactions made by the A*/A strand in the dimer are different from those in the monomer, and energetically more favorable. However, a precise and reliable comparison of the two conformations is difficult, because there is no crystal structure available for the native closed monomer. Indeed, all crystal structures of the closed conformation have been obtained through mutations that prevent strand swapping and potentially locally affect the structure 15, 23, 25 . What can be said is that the observed contacts established by the A*/A strand residues in the available structures of the closed monomer are nearly identical to those seen in the swapped-dimer crystal structure, so that differences, if they do exist, are very small.
Although our simulations and experiments have focused primarily on E-cadherin and to a lesser extent N-cadherin (for which wellbehaved mutants are hard to obtain), the swapping determinants we have identified are common to all other type I cadherins 7 . Moreover, Trp2, a shortened A*/A strand and Glu11 are all conserved in EC1 domains of type II and desmosomal cadherins, suggesting that each a r t i c l e s of these subfamilies exploits the same structural design principles. Similarly, we have shown that both type I and type II cadherins are designed so as to avoid the formation of the mutant β-interface, again suggesting the generality of the findings reported in this work. Our study does not consider the source of the difference in binding affinity among cadherins within the same subfamily, which, as we have recently discussed, is a crucial determinant of cell-cell binding specificity 12 . However, strain in the A*/A strand in the monomer appears to provide the major driving force for dimerization, so it is likely that subtle differences in the conformational energetics of this region of the protein will prove to be important. Indeed, the difference in the behavior of the A*/A strand seen in our simulations of N-and E-cadherin suggest the existence of additional factors that still need to be identified. An important finding of this study is the identification of the mutant β-interface, which is characterized by a K d value of about 2-4 µM for type I E-and N-cadherins and the type II cadherin-11. This represents significantly stronger association than that of the wild-type proteins, but, as we have discussed, the resulting loss of differences in affinity between N-and E-cadherin would be expected to remove cell-cell adhesive specificity.
Finally, the finding that a small number of mutations in a natively monomeric nonswapping EC2 domain, designed on the basis of the structure-function principles elaborated here for cadherins, can induce dimerization via strand swapping raises the possibility that we have in some way mimicked an evolutionary process. We have recently shown that, when strand swapping is inhibited, classical cadherins dimerize through an interface formed in the calcium-binding region located between EC1 and EC2 (ref. 15) . In classical cadherins, this X dimer functions as a binding intermediate on the path to strand swapping, but in T-cadherin it corresponds to the cell-cell adhesive interface. We have suggested that, earlier in their evolution, some branches of the cadherin superfamily may have used (or may still use) this interface for their primary mode of adhesion. If this is indeed the case, the path from the X dimer to a strand-swapped dimer may well have involved sequence and structure modifications in the A/A* strand similar to those described in this work.
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